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INTRODUCTION
In general, building materials are hygroscopic porous media. In this sense, they show a greater affinity to water (see references [1] [2] [3] [4] ). An analysis of the phenomenon of moisture transfer in construction materials such as concrete is our primary consideration in this work. The properties of building materials are seriously affected by the presence of moisture. Therefore, high quality building components must have the ability to resist the transfer of moisture. In a building structure, the primary goal should be to keep water out of the building components or at least significantly lower their content. So, knowledge of the moisture distribution within concrete structures is of considerable practical importance. It is a compelling necessity to have a clear idea of the moisture characteristics of a building material in order to specify the possible scope of any damage. The main objective is to prevent the occurrence of defects and disorder in buildings.
This paper deals with issues related to moisture content in buildings. From a general point of view, all the components of a building are concerned. In this paper, we restrict ourselves to water in the walls. The predominance of moisture can give rise to the formation of mould. The presence of mould can have a detrimental effect on the health of the occupants [5] . We investigated the moisture's impact on such physical parameters as the thermal resistance and the coefficient of thermal conductivity.
It is important to know what type of material reduces the amount of moisture being transfered into a home. In order to deepen insights into the real characteristics of moisture, the coefficient of the capillary conductivity should be introduced. This parameter describes the degree of penetration of water in materials. See references [6] [7] [8] [9] for further explanations.
In this paper, we numerically investigate the capillary conductivity in buildings made of concrete. Our survey takes into account the weather outside the building. We shall consider four possible outdoor temperatures: -5°C, 0°C, 5°C and 10°C. We want to understand how these temperatures influence the capillary conductivity. Our findings focus on concrete materials because they are widely used as a primary structural material in construction since concrete possesses numerous advantages over other construction materials. These advantages includes its strength, durability, and ease of fabrication. Compared with other building materials such as steel, plastic and polymer, they are inexpensive. Moreover, concrete is readily available in every part of the world.
The paper is organized as follows: In the first part, we present a model of moisture diffusion and the theoretical background. The second part of this study deals with the implementation of the DOPRI5 fourth-and-fifth-order Runge-Kutta variable step integrator for the numerical determination of the moisture distribution in a wall. The third part of this work is devoted to the numerical computation of the capillary conductivity coefficient. In the last part, we will conclude the work with our final remarks.
THE MODEL OF MOISTURE DIFFUSION AND THE THEORETICAL bACkgROUND
Generally speaking, the transfer models associated with heat, air and moisture are derived from the conversion of energy, mass and momentum axioms. According to these axioms, the resulting inflow or outflow of heat, mass and momentum in an elementary volume equals the rate of change in the amount of energy, mass and momentum in the volume. It should be recalled that the local rate of generation or absorption must also be taken into consideration. Hence, the balance equation can be expressed as .s) ] is the rate of generation or absorption. Fluxes are related to diffusion and convection. For the model under consideration, we are interested in the moisture transfer in the building materials. The current state-of-the-art of the physical description is that moisture can migrate in porous materials either as vapor or a liquid. From a global point of view, if one of the fluid phases is gas and the other is a liquid, in many physical situations the variations in the gas pressure can be ignored in comparison with the variations of the liquid pressure. In this case one speaks of an unsaturated flow process and models the evolution by ignoring the pressure-driven motion of the gas phase. Therefore, the predominant moisture transport mechanism in porous materials is the capillary liquid transport. Theoretically speaking, a building material has the ability to absorb moisture until its pores are saturated. At this stage, it is said that the building material has reached the so-called free-water saturation or capillary saturation state. Beyond this critical state, an increase in water content is feasible only by a diffusion in a temperature gradient. In the ongoing model, the temperature gradient is a reality between the outer face and inner faces of a wall.
Capillary suction is a fundamental transport mechanism to describe the water absorption in concrete. Strictly speaking, this process is basically a convective phenomenon. Meanwhile, in the context of building physics it is sufficiently accurate to contemplate the liquid transport in building components as a diffusion phenomenon. The capillary water movement is related to the capillary suction stress, which emerges as the result of curved water surfaces in the pore system of moist building components. The suction process is described by the following liquid flux density (2) Here, ω stands for the moisture content, D ω is the moisture diffusivity. See, for instance, reference [10] . Let us introduce (2) into (1). On the assumption that there is no generation or absorption of the moisture by the system, the nonlinear equation of the moisture transport in such a porous media reads as
An improved moisture diffusivity model for porous building materials such as concrete has been proposed by Calmeliet et al. [11] . They have constructed a parametric diffusivity model to accurately describe the nonlinear diffusivity of building materials. The moisture diffusivity is generally strongly dependent on the moisture content. It describes the capillary uptake of water when the imbibing surface is fully wet. In the context of building components this situation can correspond to a case when rain is pouring down. Thus, the wetting of the outside wall becomes more significant such that the suction capillary process can start. Leaks usually occur that can allow rain and also groundwater to infiltrate the building envelope. For most building materials, the capillary transport coefficient can be approximated quite satisfactorily as [12] (4)
The parameter A represents the sorption coefficient; ω f is the moisture content at capillary saturation. Reasonable construction models are unthinkable without regular assessments of the thermal conductivity of the materials involved.It should be noticed that thermal conductivity is a specific property describing the heat flow through a unit surface and a flat unit-thick layer of a component when the temperature difference between the two surfaces in the direction of the heat flow amounts to one Kelvin. The thermal conductivity indicates the capacity of the material to transfer heat. A good building material must display extremely low thermal conductivity values in such a way that they experience optimal energy savings. In normal use, concrete is not in a moisture-free condition. Moistening it subsequently affects the physical characteristics of concrete and also changes the heat conductivity λ of the building material. Therefore, this parameter should be corrected for moisture effects.The material can change in thermal conductivity along the infiltration path of the moisture. Let us introduce the moisture-dependent thermal conductivity of the building materials under consideration [13] ( 5) where is the thermal conductivity of wet material; is the thermal conductivity of dry building material; represents the bulk density of dry building material. In these findings, the density of the concrete shall be considered to be independent of the concrete's temperature, b being the thermal conductivity supplement. This parameter effectively points out by how many percents the thermal conductivity increases per mass percent of moisture. One can refer to paper [14] for further information about the dependence of thermal conductivity on the water content.
Next, we turn to an assessment of the moisture impact in the thermal resistance of the material. The thermal resistance R refers to the thermal insulation effects of a given constructional layer. So, the insulation levels are specified by the R-value. The higher the value of R, the better the effectiveness of the building insulation. We consider a steady one-dimensional heat transfer through a wall. We assume that On the other hand, nonlinear problems are more difficult to analyze and may require a stronger form of stability. So, it is important to solve this problem using an appropriate technique. In this sense, the Runge Kutta method using DOPRI5 as the integrator is introduced for accurately describing the nonlinear diffusion of moisture in porous building materials such as concrete. The basis of the method is to discretize the spatial part of the operator and keep the temporal part as such. This approach allows for an increase in the precision of the approximation in time and space independently and easily. We choose the finite volume approximation for the space discretization where the operator is integrated over the reference volumes. As the solver for the differential equations, we use the Runge-Kutta method of order 4-5 introduced by Dormand and Prince [15] , which was implemented as the Fortran code DOPRI5 code by Hairer and Norsett [19] . This solver enables us to control the local error by varying the time step.
With the necessary data input, the model calculates the resulting moisture content and other moisture-dependent physical parameters such as the thermal conductivity and thermal resistance. The simulation we performed here is based on normalized quantities. The dimensionless quantities are introduced via below anzats (9) where ω is the normalized moisture content measured in units C 0 ; is the normalized water absorption coefficient measured in units A 0 .
(10) with as the dimensionless free water saturation measured in units . The time constance t 0 is defined by (11) with x = l 0 x ̶ . l 0 as the characteristic distance. Then, the fundamental equation (3) becomes in dimensionless units (12) Here, t -is the dimensionless time parameter measured in units t 0 .
It is assumed that the liquid penetrates through the building wall only in direction x. Subsequently, in the axes y and z, which are parallel with the water level, the moisture level gradients equal zero.
Tab. 1 represents the input data used for the computational process according to references ([12] , [24] ). Our numerical investigations focused on three different types of concrete as building material, namely, normal concrete, pumice concrete and cellular concrete. To describe the transport by capillary suction sustaining this model, it is important to measure the depth of penetration and the amount of water absorbed as a function of time. Figure (1) shows the migration of the moisture front in the material.
the wall consists of an homogeneous layer of thickness L and thermal conductivity . The thermal resistance of the building material per unit area is given by (6) Each computed value of ω is associated with the thermal conductivity given by equation (5). In its turn, each amount of thermal conductivity is associated with the thermal resistance given by Eq(6). A peak of energy consumption is observed in households and in various buildings during the winter season for heating needs. The power supplied for the warming is derived from Fourier's law. In one dimension, this law is reduced to the equation (7) Here, S represents the section of the wall ; stands for the coefficient of thermal conductivity for a given moisture content ω; and ΔT = T i -T 0 , where T i refers to the indoor temperature and T 0 to the outdoor temperature, respectively. Hence, the temperature of the building wall at position x on a weathered surface is given by
where
Sis the power supplied per unit area.
NUMERICAL RESOLUTION OF THE MOISTURE-CONTENT EqUATION bY THE METHOD OF RUNgE-kUTTA OF THE FOURTH-AND-FIFTH-ORDERS USINg THE DOPRI5 CODE AS THE INTEgRATOR
As can be seen, the analytical solvability of the processing of this model is questionable. Because the nonlinear equation of diffusion (3) governing the system does not have an obvious analytical solution, we opted for a numerical computation. These equations could be solved computationally, i.e., using numerical analysis methods. It should be recalled that only a quite stable numerical analysis could lead to physically acceptable solutions. A numerical method is said to be stable if numerical errors, e.g., those errors generated by roundoff, are not amplified, and the approximate solution remains bounded. This requirement applies to time-stepping schemes and iterative solvers alike. It is worth noticing that the notion of stability highlights the relationship between the exact solution of the discrete problem and the actually computed solution that includes any roundoff and iteration errors.
Nowadays, all the mathematical tools necessary for the study of stability are available in the case of linear problems with constant coefficients. The most popular technique is, unquestionably, the wellknown Von Neumann method. See, for instance, references [16 -18] . As soon as the water starts pouring on a wall, the moisture does not cross the wall instantaneously from one side to the other. Water takes some time to penetrate a wall. The rate of penetration can be observed in Fig.(1) . This figure clearly indicates the positions reached by the moisture inside the wall at the given periods. So, the wetting of the entire wall necessitates some time. Water moves gradually and slowly through the porous media. One can notice, for instance, after a period t = 0.5 day, only a 6-cm thickness has been attacked by the water. The other portion of the wall is not yet affected by the wetting as can be seen in the figure. The covering of the entire wall is observed after approximately 1.5 days after the beginning of the wetting process. Fig (1) also indicates that as the moisture moves through the wall, its amplitude gradually decreases from he weathered surface, where the moisture content takes the value ω 0 = 500 Kg/m 3 , to inside the building, where its value is reduced to ω 0 = 100 Kg/m 3 . Here, the temperature is maintained at the constant value T = 20°C. Fig(3) clearly indicates that the thermal conductivity of the concrete is affected by a moisture contribution. As expected, this figure tells us that the thermal conductivity increases as the moisture content increases in the concrete under consideration . Fig(4) shows that with the presence of moisture in the building wall and the starting of the warming process, the indoor temperature gradually improves from its initial undesirable value to the required 20 °C value, which is quite appropriate for its occupants. It is clearly visible from Fig(5) that the indoor temperature decreases as the thermal conductivity increases. From Fig.(8) , one can see that the thermal conductivity acquires its maximum value at the beginning of the wetting process (outside the building on the weathered surface) and that a moderate decline appears when one comes inside the building.
Tab. 1 -Input data related to different types of concrete
For the three types of concrete studied here, we obtained the same profile for the coefficient of thermal conductivity (see Figs. (6, 7, 8) ). One can see that the cellular concrete exhibits the lowest values.
Fig (2) depicts the profile of the moisture content along the thickness of the building wall. One can observe once more that moisture penetrates the wall progressively with decreasing amplitudes. There is a sharp decrease in these amplitudes when one approaches the inner face of the wall.
NUMERICAL DETERMINATION OF THE CAPILLARY CONDUCTIVITY OF THE MOISTURE
Let us focus again on concrete which is naturally, considered as a porous building material: Here, moisture is basically transported with the help of capillary forces. The driving potential results from the manifestation of a liquid moisture gradient in the porous medium. Therefore, the motility of the moisture in building materials through the capillaries is highlighted. This weell-known phenomenon is the capillary conductivity of moisture. Now, we turn to an assessment of the so-called coefficient of the capillary conductivity of the moisture, which characterises this process. The latter is a fundamental parameter in the description of the transfer of liquid moisture within a porous substance such as concrete. It is one of the material's specific quantities. Basically, the coefficient of the capillary conductivity is determined via the moisture distribution u(x) in the time interval t. The starting point for calculating the coefficient of the capillary conductivity is a perfect understanding of the moisture distribution through a wall. The first requirement is the availability of the dampness data of the concrete under consideration. Investigations dealing with moisture control are mostly based on experiments. Kutilek [7] determined moisture distribution by an experimental formalism. The results thus obtained were utilized for an assessment of the coefficient of the capillary conductivity of the moisture. This step is usually based on the following differential equation of the coefficient of the capillary conductivity of the moisture:
Here, represents the substitution of the distance from the wet surface measured along the thickness of the building wall. t is the time interval during which the moisture content is computed; u is the humidity attained by the weight of the concrete. This parameter describes the distribution of moisture in the x direction. It is connected to the moisture content or humidity by the relation:
is the density of the moistened concrete. Hence, the formula (13) can be rewritten as (15) overcame the crucial problem of moisture distribution by an experimental approach. They made use of electromagnetic microwave-ray equipment. The basis of this procedure is that the hydrogen nuclei of a water molecule absorbs microwave radiation: the higher the dampness level of the substance, the lower the amount of microwave radiation which goes through the substance. The reduction of the intensity of the radiation is due to the moisture included in the porous system. We have adapted this formalism to the moistening of building walls made of concrete. The main principle of our contribution can be summarized as follows:
(i) We consider a wall well watered on its outer face by a heavy rain, for instance.
(ii) we obtain the wetting curves (moisture distribution) by a direct numerical computation of the equation of diffusion (12 ).
(iii) Then we concentrate on the determination of К. As one can see, Eq. (15) cannot be solved analytically. We turn to a numerical determination of К.
The solvability of the equation of the coefficient of moisture capillary conductivity (15) is not an easy task. This equation cannot be solved analytically. К can be assessed by gradual integration according to the coordinate. Its formula contains a quite complicated integral term within it. The integrand of what is not provided is in the form of a well-established function. This integrand, F, is given by:
The discrete values of F can be constructed at different positions of the wall's thickness for the given time intervals by making use of the output data generated by the computational program involving the nonlinear equation of diffusion (3). To obtain the required capillary conductivity of the moisture К, we consider the progressive formula of Newton-Gregory of the third-order. The integration error is of order h 5 , where h stands for a spatial step size, i.e., the equal intervals between the successive values. The position of the initial wetting front is the exterior face of the building wall. See ([20-23] ). At the beginning of the process, all the pores are supposed to be empty. They are more available then to accommodate the water molecules via capillary suction. Subsequently, the amplitudes of the coefficient of the moisture capillary conductivity take their maximal values when the process of moistening starts. The pores are filled as the moistening continues and the occurrence of empty pores gradually decreases. Figs(9, 10, 11) represent capillary conductivity coefficient curves at different time intervals of the wetting of the building's wall. The curves corresponding to the small time intervals of the wetting are associated with great amplitudes. The amplitudes of the coefficient of the capillary conductivity decrease as the time intervals increase. This remark is in perfect agreement with Kutilek's formalism [7] (see the equation of К, (15); К is inversely proportional to t. These figures also tell us that, for a fixed time interval, the coefficient of the capillary conductivity takes its minimum value at the origin of the wetting front. It gradually increases as the distance x measured from the wetting front increases and reaches its maximum value at a critical position, i.e., xcrit, before starting to decrease. The coefficient of the capillary conductivity resumes its minimum value when it reaches the inner face of the building.
Figs. (12, 13, 14) show the spatial profile of the coefficient of the capillary conductivity of the moisture at different time intervals. Here, each curve corresponds to a given time interval. The above assertions are quite visible in these representations. We can notice, once more, that large amplitudes of the coefficient of the capillary conductivity are associated with small time intervals. These amplitudes decrease as the time interval increases. Fig.(15) clearly shows how the amplitude of the coefficient of the capillary conductivity decreases with the time intervals; this amplitude is maximal at the initial period. It gradually decreases over time and tends to a sort of "plateau".
It can be reasonably assumed that a high outdoor temperature contributes to drying out the pores of the concrete under consideration more, thus making them more suitable for receiving the water molecules. Hence, the material becomes more open to the capillary conductivity. Figs(12, 13) clearly describe this situation. Here, we consider the same material, i.e., the pumice concrete, at two different outdoor temperatures: in Fig(12) , where T out = 10°C, the amplitudes of the coefficient of the capillary conductivity are higher than the one observed in Fig.(13) where T out and (14) correspond to the cases of the pumice concrete and cellular concrete, respectively, as the two materials are exposed to the same exterior temperature, T out = 10°C. One can see that the amplitudes of the coefficient of the capillary conductivity are higher in the case of the pumice concrete than in the case of the cellular concrete.
CONCLUSION AND FINAL REMARkS
The main objective of this work is the issue of moistening regarding buildings made of concrete. Concrete, just like other porous materials, has the ability to absorb and retain moisture. Moisture plays a key role in the structural deliquescence of a number of buildings. Damage to buildings as a direct or indirect result of water is quite considerable. In fact, it could be responsible for considerable cases of the building failures observed here and there in cities. Thus, the durability of building materials could be affected by the predominance of the moisture content, among other factors. Moisture could also affect the health of a building's occupants. If the moisture impact is not clearly taken into account, life in this environment could be very risky. Researchers must, imperatively, ensure the control of the moisture parameters when addressing problems related to a building's performance. The moisture characteristics of construction components is well specified by the physical parameter known as the coefficient of moisture capillary conductivity.
The starting point for the determination of this key parameter is a perfect understanding of the distribution of moisture along the selected direction (ox). In this contribution, the mathematical formulation of mass transfer at the macroscopic level is based on a diffusion equation. Capillary suction plays a key role for a concrete surface that is continuously wet or submerged. It is presented as the fundamental transfer mechanism, which is quite appropriate for the description of water absorption in concrete. The work was performed on the assumption that the liquid phase is quite consistent for describing the process. To determine this parameter, we first considered a building wall, which is quite wet on the exterior face. The governing nonlinear diffusion equation of weting process is solved numerically using the DOPRI5 fourth-and-fifth-order Runge-Kutta variable step integrator. This integrator has the merit of ensuring an excellent control of the step sizes with a dense output. Here, a sophisticated setting of the parameters allows for the adaptation of the code to the problem and the needs of the users.
This survey provides useful information about the nature and thermal efficiency of three different types of concrete, namely normal concrete, pumice concrete and cellular concrete.
We have succeeded in computing the moisture content in different positions inside a building wall as well as some physical parameters affected by moisture. The temporal moisture profile shows very clearly that moisture does not cross an entire wall instantaneously from one side to the other. Water infiltrates in the building slowly and progressively and takes some time to cover the full thickness of a wall. Its amplitudes diminish gradually in proportion as the water penetrates in the wall. In addition, it can be observed that the thermal conductivity increases and the thermal resistance decreases as the moisture content increases. For the numerical computation of the integral of the coefficient of the capillary conduction К, we have found the Newton-Gregory formalism suitable for use in these circumstances. We have computed the profiles of the coefficient of the moisture capillary conductivity for the three types of concrete. The calculations have been performed at different outdoor temperatures. We have demonstrated that capillary conductivity coefficients are higher at the beginning of the moistening process. Capillary conductivity coefficients have large amplitudes for small time intervals. We have determined that higher outdoor temperatures are associated with higher amplitudes of the capillary conductivity coefficient.
We believe that our contribution will impact future studies of the moisture transfer in building structures and its negative consequences on a building's performance, the comfort of its occupants, and the environment.
